Marine viruses are an important component of the microbial food web, influencing microbial diversity and contributing to bacterial mortality rates. Resistance to cooccurring cyanophages has been reported for natural communities of Synechococcus spp.; however, little is known about the nature of this resistance. This study examined the patterns of infectivity among cyanophage isolates and unicellular marine cyanobacteria (Synechococcus spp.). We selected for phage-resistant Synechococcus mutants, examined the mechanisms of phage resistance, and determined the extent of cross-resistance to other phages. Four strains of Synechococcus spp. (WH7803, WH8018, WH8012, and WH8101) and 32 previously isolated cyanomyophages were used to select for phage resistance. Phage-resistant Synechococcus mutants were recovered from 50 of the 101 susceptible phage-host pairs, and 23 of these strains were further characterized. Adsorption kinetic assays indicate that resistance is likely due to changes in host receptor sites that limit viral attachment. Our results also suggest that receptor mutations conferring this resistance are diverse. Nevertheless, selection for resistance to one phage frequently resulted in cross-resistance to other phages. On average, phage-resistant Synechococcus strains became resistant to eight other cyanophages; however, there was no significant correlation between the genetic similarity of the phages (based on g20 sequences) and cross-resistance. Likewise, host Synechococcus DNA-dependent RNA polymerase (rpoC1) genotypes could not be used to predict sensitivities to phages. The potential for the rapid evolution of multiple phage resistance may influence the population dynamics and diversity of both Synechococcus and cyanophages in marine waters.
Viruses that infect heterotrophic bacteria, cyanobacteria, and eukaryotic phytoplankton are abundant in marine ecosystems. It has been suggested that these viruses influence the abundance, diversity, and seasonal succession of their hosts (6, 20, 27, 37) . While it has been difficult to obtain accurate in situ estimates of virus-induced host mortality (13, 27) , some studies report that viruses may be responsible for up to or over 70% of the daily mortality of marine bacteria and phytoplankton (3, 37) . If virus-induced mortality is high, viruses may also play a key role in nutrient cycling in marine environments. Viral lysis of host cells can increase the pool of dissolved organic matter and limit the flow of nutrients to higher trophic levels (6, 27, 35) .
This study examined interactions between the marine cyanobacterium Synechococcus and cyanophages. Synechococcus spp. are abundant primary producers in coastal environments. Although cyanophages capable of infecting Synechococcus are also abundant, the mortality of Synechococcus due to cyanophage infection varies greatly, with estimates ranging from only 0.005% to up to 28% of the Synechococcus community per day (7, 13, 21, 28, 32) . The low estimates of phage-induced mortality suggest that resistance to phage infection may be impor-tant in Synechococcus communities. Indeed, some Synechococcus isolates from coastal waters are resistant to cooccurring cyanophages (18, 32) . McDaniel et al. (18) report that some Synechococcus strains isolated from the Gulf of Mexico were resistant to all 35 cyanophage isolates obtained from the same location. Other studies, however, have suggested that in offshore waters most Synechococcus cells are susceptible to cooccurring phages (20, 28) . Currently, it is unknown whether and how phage resistance might influence the ecological impacts of cyanophages on Synechococcus communities.
Despite the observation that some Synechococcus isolates are resistant to phages, the mechanisms of resistance have not been investigated in detail. For other well-studied bacteriumphage systems, several different mechanisms of phage resistance or immunity have been described. The most common mechanism appears to be an alteration of host surface receptors which reduces or eliminates the ability of phages to attach to the host cell and establish an infection (1) . Other mechanisms include the inability of a bacterium to support viral replication and the presence of restriction-modification systems in which host restriction endonucleases degrade viral DNA upon entry into the cell (11, 34) . The presence of prophage in bacterial genomes can also provide immunity to infection by related phages. These lysogenic infections have been observed for some natural populations of Synechococcus (16) (17) (18) ; however, in at least one study, there was no evidence that lysogeny was responsible for the observed resistance to cyanophages (18) .
In this study, we systematically selected for phage-resistant Synechococcus mutants by use of four Synechococcus strains and 32 cyanomyophages isolated from Rhode Island coastal waters. We first examined how readily phage resistance can be selected for in the lab. Next, we explored possible mechanisms conferring resistance in selected Synechococcus mutants. Finally, we examined the potential for the evolution of phage resistance to alter Synechococcus-cyanophage community interactions. Specifically, we asked whether resistance to one phage confers resistance to other phages, and if so, whether these pleiotropic effects were predictable based on the genetic similarity of the phages.
MATERIALS AND METHODS

Synechococcus and cyanophage isolates. Cultures of marine Synechococcus
were obtained from the Woods Hole Collection of Cyanobacteria (Woods Hole Oceanographic Institute, Woods Hole, MA). Synechococcus strains WH7803, WH8012, WH8018, and WH8101 were used in this study. Strains WH7803 and WH8012 were originally isolated from the Sargasso Sea, while WH8018 and WH8101 were isolated from coastal waters adjacent to Woods Hole, MA (33) . Synechococcus cultures were maintained in SN medium (33) at 20 to 23°C under constant illumination. The 32 cyanophage isolates used in this study were isolated from Narragansett Bay, RI, between 1999 and 2002 (15) . These cyanophages were isolated using Synechococcus strains WH7803, WH8012, WH8018, and WH8113. Based on g20 gene sequences, these phages are genetically distinct myoviruses that span the diversity seen thus far for known myovirus isolates of Synechococcus spp. (15, 39) . Viral stocks were stored at 4°C prior to use. The specific isolates used were S-RIM1 to -13, -15 to -21, -23 to -24, -26 to -32, and -34 to -36 (15) . The g20 gene sequences of these cyanophages are available from GenBank under accession numbers AY259244 to AY259283.
Selection and purification of phage-resistant Synechococcus. To select for phage-resistant Synechococcus, we combined 100 l of Synechococcus strain WH7803, WH8012, WH8018, or WH8101 (0.5 ϫ 10 8 to 2.0 ϫ 10 8 cells ml Ϫ1 ) and 10 to 40 l of phage stock (ϳ5 ϫ 10 7 phages ml Ϫ1 ) in 24-well microtiter plates. Each Synechococcus strain was challenged with each of the 32 phage isolates. After 1 h of incubation, 1.5 ml of SN medium was added to the wells. Replicate wells were used for each phage-host strain combination. Plates were incubated at 20 to 23°C under constant illumination. Wells were visually monitored daily for cell lysis (clearing of the well relative to that seen for a control well containing cells but no virus) and then weekly after lysis was observed. Phage-resistant Synechococcus cells were recovered as regrowth in viral lysates after prolonged incubation (i.e., 4 to 10 weeks). To isolate single colonies from regrowth, cells were serially diluted in SN medium and then combined with 50 ml SN soft agar at 37°C and immediately poured into petri dishes (2) . All agar was purified by multiple washes with dionized water prior to use (33) . Plates were incubated in the dark for 24 h and then moved to a growth chamber at 23°C with diurnal cycles (14 h of light). After 4 to 12 weeks, single colonies were visible, and individual colonies were removed from the agar by use of a sterile pipette tip and transferred to SN medium in a 50-ml Erlenmeyer flask. These single colonies were used in all subsequent analyses. To sequentially select for resistance to additional phages, the process described above was repeated using phage-resistant single colonies. Each resistant strain was again screened against the 32 phage isolates.
To confirm that the single colonies were phage resistant, each single colony was tested for resistance to the phage used in the initial selection in 24-well microtiter plates as described above. Resistance was defined as cell growth in the presence of virus that was comparable to the growth of cells with no virus. To confirm that the strains were derived from a given ancestral Synechococcus strain, the DNA-dependent RNA polymerase gene (rpoC1) was amplified via PCR from each single colony as described by Palenik (22) . PCR products were digested with two restriction endonucleases, MboI and RsaI (Invitrogen), according to the manufacturer's instructions. Digested products were separated by gel electrophoresis (2% agarose) and visualized by staining with ethidium bromide. All Synechococcus cultures maintained in our lab can be differentiated by the banding patterns generated by these two restriction enzymes.
Adsorption kinetics and one-step growth assays. Adsorption kinetic assays were conducted as described by Suttle and Chan (29) . Briefly, 5 ϫ 10 5 phage were added to 1 ml of exponentially growing Synechococcus culture (5 ϫ 10 7 cells ml Ϫ1 ). Three replicate assays were simultaneously conducted for each Synechococcus-phage pair. Immediately after the addition of phage and then at 15, 30, 45, and 60 min, a 10-l sample was taken from each well and diluted 100-fold in cold SN medium. Samples were centrifuged for 5 min at 5,200 ϫ g (4°C) to pellet cells and adsorbed phage; an aliquot of the supernatant was titered via plaque assay (15) to estimate the number of unadsorbed phage (N u ). The adsorption rate constant (k) was determined using the formula N u ϭ N 0 e ϪkCt (log transformed), where C is cell density and t is time measured in minutes (4). The value for k is the mean of three independent determinations for each Synechococcusphage pair. For each resistant strain-phage pair tested, a control consisting of the ancestral strain paired with the same phage isolate was simultaneously tested. Standard t tests were used to compare the adsorption rate means between each resistant strain-phage pair and the control. In assays where the adsorption rates of more than one resistant strain were compared to the adsorption rate of the ancestral strain, a Dunnett's t test was used to correct for multiple comparisons. Regression analysis was used to determine if adsorption rates were significantly different from zero.
Single-cell growth experiments were conducted to determine the latent periods and burst sizes of sensitive and resistant Synechococcus isolates by use of standard protocols (10, 29) . Triplicate cultures of 2 ϫ 10 7 cells ml Ϫ1 were inoculated with ϳ4 ϫ 10 5 to 8 ϫ 10 5 phage ml Ϫ1 and incubated for 1 h to allow phage to adsorb. Samples were centrifuged for 5 min at 5,200 ϫ g (4°C) to pellet cells and adsorbed phage. The pellet was washed with SN medium to remove all unadsorbed phage, resuspended in 1 ml of SN, and diluted 1:400 in SN medium. Phage was titered by plaque assay (15) from aliquots taken every 2 h for the first 12 h and then again at 20 and 25 h postinoculation.
Prophage induction. All derived resistant strains were tested for the presence of prophage by use of the inducing agent mitomycin C (Sigma Chemical Co., St. Louis, MO). Exponentially growing cells were diluted in fresh SN medium, and four replicate samples of each strain were placed into wells on a 24-well microtiter plate. Plates were maintained as described above. Prior to the addition of mitomycin C, 100-l aliquots of each sample were mixed with concentrated cells of the ancestral Synechococcus strains WH7803 or WH8018 and soft agar and poured on agar plates (15) to determine if phage was present in the initial culture. Mitomycin C was then added to a final concentration of 1 g ml Ϫ1 to two of the four replicates. This concentration of mitomycin C was found to induce lysogenic cyanophage in other studies (17, 21) . After a 24-h incubation at room temperature, 50-l aliquots of each replicate mitomycin C treatment culture were used in plaque assays against the ancestral strains WH7803 or WH8018, as described above. Plates were checked weekly for the appearance of plaques. All cyanophages used in this study can form plaques on WH7803 or WH8018 cells on agar plates (15) . If prophage induction occurs, more plaques should be present after the mitomycin C treatment.
BOR and phage infectivity assays. To characterize the phenotypes (i.e., sensitivities to a particular phage) of the ancestral Synechococcus strains and the derived resistant strains, Synechococcus strains grown from single colonies were challenged with each of the 32 cyanomyophage isolates. Replicate samples of each Synechococcus-phage pair were incubated in 24-well microtiter plates as described above. Control wells containing host cells, but no phage, were included on each plate. Wells were visually monitored for cell lysis for up to 4 weeks. If a well cleared, the Synechococcus strain was considered susceptible to the phage. Cells that were not lysed after 4 weeks were considered to be resistant to the phage. In this way, each Synechococcus strain was assigned a breadth-of-resistance (BOR) profile, i.e., the range of phage isolates to which a strain is resistant. Similarly, each cyanophage isolate was assigned a phage infectivity profile, i.e., the range of Synechococcus strains that the phage can infect.
To examine the relationships between the ancestral and phage-resistant Synechococcus phenotypes, we calculated the similarity of the BOR profiles between all the strains. Pairwise similarity for two Synechococcus strains was defined as the proportion of phages (out of 32 tested) to which the two strains are either both sensitive or both resistant. If the strains have the same BOR profile (that is, they are resistant to the same phages), then their BOR similarity is 1. If the strains differ in their responses to 16 of the 32 phages, then their similarity is 0.5. Cluster analysis (group average method) was used to illustrate the BOR relationships among the Synechococcus strains (PRIMER v5: PrimerE-Ltd, Plymouth, United Kingdom). A one-way analysis of similarity statistic was used to test whether the BOR profiles of strains derived from the same ancestor (WH7803, WH8101, WH8012, or WH8018) were more similar to one another than to strains derived from a different ancestor. This test is similar to a one-way analysis of variance, but it uses a permutation test to account for the interdependence of the similarity values.
We also analyzed the phenotypic relationships among the 32 phage isolates by calculating the similarity of phage infectivity profiles. In this case, the pairwise similarity for two phage strains was the proportion of Synechococcus strains (out of 27 [4 ancestral and 23 resistant] strains tested) that the paired phages could either both infect or both not infect. If two phages could infect exactly the same set of Synechococcus strains, then their similarity was scored as 1. Cluster analysis was used to illustrate the infectivity profile relationships among the 32 phage strains. A RELATE test (PRIMER) examined whether the similarity between VOL. 73, 2007 CYANOPHAGE RESISTANCE IN MARINE SYNECHOCOCCUS 5517 two phages' infectivity profiles was correlated with their genetic relatedness (as assayed by g20 sequences). This statistic is similar to a correlation statistic but uses a permutation test to account for the interdependent genetic distance and profile similarity values. The PAUP software package (30) was used to calculate uncorrected pairwise genetic distances between g20 nucleotide sequences as previously described (15) .
RESULTS
Selection of phage-resistant Synechococcus strains.
When Synechococcus strains WH7803, WH8012, WH8018, and WH8101 were challenged with 32 genetically diverse myovirus isolates, a lytic (susceptible) interaction was observed for 101 out of the 128 Synechococcus-phage pairs. From these 101 susceptible interactions, regrowth of cells was observed for 50 of the Synechococcus-phage pairs, indicating the presence of phage-resistant strains ( Table 1 ). After single-colony purification, a total of 23 phage-resistant strains were selected for further characterization. These strains were chosen for characterization because collectively they exhibited resistance to a diverse set of phage isolates. Each of the 23 strains was resistant to the phage used in the initial selection and, based on rpoC1 sequences, was derived from the ancestral Synechococcus strain (i.e., regrowth was not due to contamination by a different Synechococcus strain). Each derived resistant strain was given a designation based on the ancestral Synechococcus strain and the S-RIM number of the phage isolate used to select for resistance. For example, WH7803R8 was derived from WH7803 cells that had been selected for resistance to S-RIM8. Two of the 23 resistant strains (WH8101R3R32 and WH7803R8R21) underwent two sequential selection events. For example, in the case of WH8101R3R32, cells were first selected for resistance to S-RIM3 and then were selected for resistance to S-RIM32. One of the phage-resistant strains (WH8018R3R2R6) underwent three selection events.
To select for resistant strains, we used Synechococcus cultures that had been maintained in culture for years. Thus, these cultures potentially contained a large amount of genetic diversity that was preserved during transfer to new medium every few weeks. This diversity could influence the number of phageresistant mutants detected in our selection experiments and lead to an overestimate of the ease with which resistance can be acquired. To test this hypothesis, we plated and regrew the ancestral strains again from single colonies. These single colonies were then used to select for phage resistance. The number of phage-resistant strains observed for the cultures derived from a single colony was approximately the same as that observed for the original cultures (Table 1 ). This result reveals that phage resistance can arise during growth from a single colony to stationary phase in a flask.
Mechanisms of resistance. After single-colony purification, phages were never detected in any of the cultures of phageresistant strains. In addition, no mitomycin C-inducible prophages were detected in any of the cultures. It appears unlikely that the observed phage resistance is due to lysogeny. Moreover, the fact that the strains remained resistant after singlecolony purification and in the absence of phage suggests that phage resistance was due to a genetic mutation rather than a physiological response.
Adsorption kinetic assays were performed using five phages (S-RIM1, S-RIM3, S-RIM6, S-RIM7, and S-RIM8) on the four ancestral Synechococcus strains and eight derived phageresistant Synechococcus strains ( Table 2 ). In all eight resistant host-phage pairs, the phage did not bind as well to the resistant strain as to the ancestral strain. The mean adsorption rate for susceptible Synechococcus-phage pairs ranged from 0.23 ϫ 10 Ϫ9 to 1.6 ϫ 10 Ϫ9 ml min Ϫ1 . The phage adsorption rate for derived resistant strains was not different (P Ͼ 0.05) from that for the ancestral strains when both strains were susceptible to a phage, with one exception: S-RIM7 attaches better to WH7803R4 than it does to WH7803 ( Table 2 ). In contrast, for seven of the eight resistant Synechococcus-phage pairs tested, the adsorption rate was significantly lower (P Ͻ 0.05) than the adsorption rate for the corresponding susceptible control pair ( Table 2 ). For the eighth pair (WH7803R7 and S-RIM7), the difference in adsorption rates was marginally significant (P ϭ 0.051). One-step growth assay. One-step growth experiments were conducted for two different viruses (S-RIM1 and S-RIM8) on the susceptible host WH7803. The latent period for S-RIM1 and S-RIM8 was between 6 and 8 h, with most lysis occurring by 12 h. The burst sizes for S-RIM1 and S-RIM8 were estimated to be 63 and 86 phages per cell, respectively. No viral replication was observed in one-step growth assays using the phage isolate S-RIM8 on resistant strains WH7803R8 and WH7803R8R21.
BOR profiles. Selection for resistance against a single phage led to resistance to additional genetically distinct phages. On average, a strain became resistant to 7.8 (Ϯ 3.2) phages (range, 1 to 13). Of the 23 phage-resistant strains tested, only two share the same BOR profile: WH8018R8 and WH8018R3 were resistant to the same set of phages (Fig. 1) . The Synechococcus strains that underwent two or three sequential selection events gained resistance to additional phages. The strain that underwent three consecutive selection events (WH8018R2R3R6) was resistant to 31 of the 32 phage isolates tested.
The BOR profiles were constrained by the identity of the ancestral strain ( Fig. 1 ; analysis of similarity R ϭ 0.595; P ϭ 0.001). Resistant strains derived from the same ancestor (e.g., WH7803, WH8018, WH8012, or WH8101) have phenotypes more similar than do strains derived from different ancestors. In a few cases, the acquisition of resistance to one phage resulted in the loss of resistance to other phages. For example, in WH7803-derived strains, the six strains that gained resistance to S-RIM8 lost resistance to S-RIM5 and S-RIM26. Phage infectivity profiles. On average, the S-RIM phages could infect 17.0 (Ϯ6.7) (range, 5 to 26) out of the 27 different Synechococcus strains (4 ancestral strains and 23 derived resistant strains). As with the Synechococcus BOR profiles, there was a high diversity of phage infectivity profiles: 26 out of 32 of the profiles were unique (Fig. 2) . Five profiles were identical (S-RIM1, S-RIM6, S-RIM13, S-RIM18, and S-RIM23), and these belonged to phages that infect all 27 Synechococcus strains except for the triply selected strain WH8018R3R2R6. We found no relationship between phage phenotype (i.e., the ability to infect particular strains) and phage genotype (based on g20 gene sequences); there was no correlation between the similarity of two phages' infectivity profiles and their genetic relatedness ( Fig. 2 ; RELATE ϭ 0.035; P ϭ 0.245).
DISCUSSION
In this study, we have shown that Synechococcus strains can acquire resistance to a genetically diverse set of cyanomyophage isolates. Phage resistance arose in 50% of the susceptible host-phage pairs. Resistance was stable through single-colony isolation as well as through several transfers in batch culture, suggesting that the resistance is due to heritable genetic changes in the bacterial cells. Furthermore, mitomycin C-inducible prophages were not detected in any of the resistant strains; thus, within the constraints of this assay, lysogeny does not appear to be responsible for the observed resistance.
The results from adsorption kinetic assays suggest that the genetic mutations conferring phage resistance in these Synechococcus strains alter phage receptor sites. For all resistant host-phage pairs, phage could adsorb faster to the susceptible ancestral strains than to the derived resistant strains. Moreover, in six out of eight resistant host-phage pairs, the adsorption rate on resistant hosts was not significantly different from zero, suggesting that phage could not adsorb to these cells. The adsorption rate means for susceptible Synechococcus-phage pairs in this study (0.23 ϫ 10 Ϫ9 to 1.6 ϫ 10 Ϫ9 ml min Ϫ1 ) were lower than the means previously reported for Synechococcus phages (3.9 ϫ 10 Ϫ9 to 6.1 ϫ 10 Ϫ9 ml min Ϫ1 ) (13, 29, 36) but fall within the range observed for other phage systems (4, 5) . Resistance in many bacteriophage-Escherichia coli systems has been shown to be conferred by host mutations that alter the structure of a receptor site, change the exposure of a site, or lead to the complete loss of a receptor (1, 10) . While phage resistance in cyanobacteria has not been extensively studied, there is evidence that resistance in the filamentous cyanobacterium Anabaena is due to mutations that alter the structure of the O antigen component of the lipopolysaccharide (LPS), thus preventing phage adsorption (38) .
The number and identities of host receptors used by cyanophages for attachment to Synechococcus are unknown (13) . Our results, however, suggest extensive pleiotropy associated FIG. 1. Cluster diagram of BOR profiles for the 4 ancestral Synechococcus strains (in boxes), for 20 strains that were selected for resistance to one phage, for 2 strains selected for resistance to two phages, and for 1 strain selected for resistance to three phages. Phenotypic similarity between two Synechococcus strains is defined as the percentage of phages to which the strains are either both sensitive or both resistant. See the text for details. . coli B, and a mutation leading to changes in the LPS can confer resistance to all three of these phages (10) . Likewise, the E. coli outer membrane protein A (OmpA) is used as a receptor by a diverse suite of phages (19, 23) . While our results suggest that some cyanophage isolates use the same host receptors, it also appears that Synechococcus can become resistant to the same phage in multiple ways. If there were only a few mutations that lead to cyanophage resistance, then we would expect a small number of BOR phenotypes among the resistant strains of Synechococcus. Instead, many of the strains share resistance to the same phage but differ in their interactions with other phages. Only 2 of the 23 resistant strains shared the same BOR phenotype (i.e., were resistant to the same set of phages). Complex patterns of phage crossresistance were also observed among ompA mutants of E. coli (19) . T-even phages were found to attach to different areas of the OmpA protein; therefore, mutations altering one region of the protein provided resistance to some phages but not to others. In addition, a few phages interacted with several regions of the protein, and thus mutations changing any of these regions could independently confer resistance (19) . Independent mutations at different loci can also confer resistance to the same phage. For example, in E. coli K-12, mutations in either an outer membrane protein or an inner membrane protein inhibit bacteriophage adsorption (8, 12) . In a recent screen of E. coli genes, mutations in any of nine LPS biosynthesis genes conferred resistance to T7 bacteriophage by preventing adsorption (24) . These examples illustrate several ways in which independent mutations could confer resistance to one phage and at the same time lead to the complex patterns of cross-resistance we observed.
Several studies have shown that the community compositions of Synechococcus (based on RNA polymerase rpoC1 sequences) and cyanophages (based on capsid assembly protein g20 sequences) vary seasonally (15, 20, 31) . Based on these findings, Muhling et al. (20) suggested that cyanophages may be responsible for the succession of host genotypes over seasonal time scales. Our study suggests that using such conserved FIG. 2. Comparison of the genetic and phenotypic similarities among the 32 cyanomyophages in this study. A neighbor-joining tree (left) illustrates the genetic similarities among phage isolates based on pairwise distances between g20 amino acid sequences (15) . A cluster diagram (right) illustrates phenotypic similarities between phage isolates; phenotypic similarity is defined as the percentage of Synechococcus strains that the paired phages could either both infect or both not infect. See the text for further details. The bottom arrows illustrate a case where genotypic and phenotypic similarities are both high, whereas the top arrows highlight two phages that have a high phenotypic similarity but a low genetic similarity.
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STODDARD ET AL. APPL. ENVIRON. MICROBIOL. marker sequences is likely to obscure the majority of cyanophage-Synechococcus interactions. We showed that Synechococcus strains with the same rpoC1 sequence could have very different sensitivities to phages. After selection for phage resistance, 26 host strains could be distinguished based on sensitivities to 32 phages, yet all of these strains belong to one of only four rpoC1 genotypes. In this case, rpoC1 sequences could not be used to predict sensitivities to phages. Likewise, the genetic similarity of phages based on g20 sequences did not predict phage infectivity phenotypes. Although the g20 gene product is probably not directly involved in phage adsorption, the lack of correlation between g20 sequences and infectivity phenotypes suggests that g20 sequences are not good predictors of tail fiber homology and/or that phages with diverse tail fibers can bind to the same host receptor. Recent analyses of complete genomes suggest that cyanophages may contain diverse tail fibers and that lateral gene transfer events also may be common (14, 25, 26) . Thus, until the genetic and structural elements responsible for virus-host interactions are known, it may be difficult to use conserved molecular markers to conclusively relate changes in the genetic compositions of natural viral and host populations.
The impact that cyanophages have on marine bacterial populations, whether by imposing mortality or by maintaining diversity, will be influenced by the composition of host phenotypes in a population. The abundance and persistence of resistant phenotypes will depend in part on the physiological cost of resistance. Studies with other systems have demonstrated that phage resistance can impose a fitness cost, as changes in cell surface molecules that act as phage receptors alter the ability of the host to take up key nutrients (1) . At least some of the phage-resistant strains in this study appear to incur a fitness cost (9), suggesting a mechanism by which both sensitive and resistant strains may coexist in a population.
Our results show that in a laboratory setting Synechococcus strains can acquire phage resistance that appears to be due to genetic mutations that alter the ability of phages to adsorb to cells. Furthermore, we were able to sequentially select for resistance to additional phages. After selection for resistance to three phages, one strain (WH8018R3R2R6) was resistant to 31 of the 32 diverse phage isolates tested. The high degree of pleiotropy among phage resistance mutations suggests that interactions among cyanophages and Synechococcus in natural populations may be highly complex. A mutation that confers resistance to one particular phage is likely to alter whether other, genetically distinct cyanophages can infect that host cell. As a result, the evolution of phage resistance may be a significant factor affecting the population dynamics of Synechococcus and cyanophages in natural communities.
